Abstract: Prakasam Igneous Province (PIP) is an important geological domain in the Eastern Dharwar Craton (EDC), found in the junction zone between the EDC and Eastern Ghat Mobile Belt (EGMB). The Pedda Cherlo Palle (PCP) gabbros are massive, leucocratic-mesocractic, and show cumulus textures with minerals plagioclase, cpx, and amphiboles. Compositionally, plagioclase is a labradorite-bytownite, cpx is diopside to augite, olivines are hyalosiderites and amphiboles are magnesiohornblendes. PCP gabbros have normal SiO 2 , high Al 2 O 3 , moderate to high TiO 2 , Na 2 O and medium Fe 2 O 3 , so, classified as subalkaline tholeiitic gabbros. Fractionated rare earth element (REE) patterns, high abundance of large ion lithofile elements (LILE) and transitional metals coupled with light REE (LREE) relative enrichment over heavy REE (HREE) and Nb are characteristics of partial melting of depleted mantle and melts that have undergone fractional crystalisation. These partial melts are enriched in LREE and LILE, due to the addition of slab derived sediment and fluids. PCP gabbros contain low abundance (5.1 to 24.6 ng/g) of platinum group elements (PGE), and show an increase in the order Ir>Os>Pt>Ru»Pd>Rh. We propose that the subduction related intraoceanic island arc might have accreted to the southeastern margin of India to the east of Cuddapah basin in a collisional regime that took place during Ur to Rodinia amalgamations.
Introduction
Within the transitional zone between the EGMB and Cuddapah basin (Dharwar craton), many plutonic members of alkaline, mafic and ultramafic composition pierce the Nellore Schist Belt (NSB). The alkaline plutons such as Elchuru, Kellampalli, Uppalapadu, Darsi, Podili and Chanduluru etc., have been studied by many workers [1] [2] [3] [4] [5] [6] [7] . The mafic plutonic members present in the province, which are located along the central to southern part of narrow NSB, did not receive attention in terms of detailed petrological and geochemical studies. A few of the relevant and most important earlier works are summarized here. Rao et al. [8] studied the area and considered the gabbros and granites of the province as younger to nepheline syenites. Based on field, petrological and geochemical evidence, Madhavan et al. [4] indicated that the gabbros and alkaline rocks of Prakasam Alkaline Province (hereafter Prakasam Igneous Province; PIP, since the province has witnessed alkaline, mafic, felsic as well as ultrapotassic magmatism) are genetically not related, although they may be coexisting in space and also probably in time. Based on the occurrence of gabbroic xenoliths within several alkaline plutons and the occurrence of syenite and pegmatite in gabbros near Pasupugallu, Reddy and Leelanandam [2] demonstrated that gabbros of the province are older than the alkaline rocks. This finding, along with gabbroic xenoliths in nepheline syenites of Upplapadu and Purimetla, suggests the gabbros are older than syenites. Vijaya Kumar and Ratnakar [7] reported that the plutons are emplaced into the preheated country rocks based on the observation of a lack of chilled margins around the plutons. Based on the major oxide data of some plu-V. Balaram: CSIR-National Geophysical Research Institute, Hyderabad-500 007, India Parijat Roy: National Center for Antarctic and Ocean Research, Vasco-da-Gama, Goa tons, the earlier workers reported that the gabbros of the province are of high alumina olivine tholeiitic parentage, except Pasupugallu pluton which is of alkali olivine basalt type; these are the products of melts derived at shallow melting of the mantle. For a better understanding of the crustal level plutonic activity in this part of globe, a detailed study has been undertaken on the petrography and geochemistry of mafic/intermediate intrusive rocks that occupy the ∼10 sq. km occurring around PCP ( Figure 1 ).
Geological Setting
PCP Gabbro Pluton is located towards the southeast of Kanigiri town. This pluton can be accessed from the Kanigiri-Kandukuru road by taking a southward turn at Pedda Alavalapadu cross road. The PCP plutonic rocks are distinguished as gabbro-dioritic rocks, found within the Vijamuru domain of NSB; they show an intrusive relationship with granite gneisses on the north, garnet-sillimanitecordierite gneiss on east and south, and quartz-chloritesericite schist on the west. At places, the margins of the pluton show hybridization with granite. An entire N-S traverse of the pluton can be taken along the villages Chinna Alavalapadu, Kodigudlapadu, Vagumpalle up to Pedda Cherlo Palle and Marrella after crossing the Paleru River. The pluton has outcropped as boulders and sheets of rock mass at places and is generally restricted to flat land. The north, central and southern parts of the pluton along the N-S line of the pluton were covered in this study, given the scanty outcrops towards the east and west of the pluton. The gabbroic rocks are mainly leucocratic and intensely invaded by quartz veins in the central part of the pluton whereas the peripheral parts are not affected by a vein network. The kyanite-staurolite-biotite-muscovite schists are exposed on either side of the pluton in linear ridge like exposures in N-S directions.
Analytical Methods
For the present study, gabbroic rocks samples were collected for detailed petrography and geochemical studies. Fresh representative samples were collected starting from northeast of the pluton towards the southwest (sample locations are given in Table 1 and study area is shown in Figure 1 ). The samples are cleaned, chipped and powdered to -200 mesh using agate pestle and mortar. The major elements were determined by pressed pellets using XRF (Philips MagiXpro-PW2440) at the National Geo- physical Research Institute, Hyderabad (India). After petrographic studies, all the collected fresh rock samples were processed for geochemical analysis. Whole rock geochemical analysis was carried out at CSIR-NGRI, Hyderabad. Major elements were determined using pressed pellets. International geochemical standard reference materials (SRMs) from the United States Geological Survey (G-2, NIST-2709, NIST-2710, NIST-2711), the Canadian Geological Survey (SO-1, SO-2, SO-3, SO-4, TILL-1, TILL-3, LKSD-1), and the Geological Survey of Japan (JP-1, JR-1, JR-2, SY-3, JB-2) were used to prepare calibration curves for major elements [10] . Trace, REE [11, 12] and PGE [13] were determined using ICP-MS (Perkin Elmer SCIEX ELAN® DRC-II) at CSIR-NGRI, Hyderabad. For trace and REE determinations, Certified Reference Material (CRM) JGb-1 of Geological Survey of Japan is used, whereas MRG-1 CRM of Canadian Geological Survey and JB-2 CRM of Geological Survey of Japan are used as control standards. For PGE determinations WMG-1 of Canadian Geological Survey is used as CRM and WMS-1 is used as a control standard. The detection limits of all the trace and REE were found to be in the range 0.001 to 0.010 ppb and the precision is better than 5% RSD. The detection limits for PGE's at 1:50 dilutions are Ru (101)=0.016 ng/ml (16 ppt), Rh (103)=0.01 ng/ml, (10 ppt), Pd (105)=0.01 ng/ml, (10 ppt), Ir (193)=0.005 ng/ml, (05ppt), Pt (195)=0.04 ng/ml, (04ppt), Au (197)= 0.010 ng/ml, (10 ppt), precision =<8% RSD [13] . 
Petrography
The rocks are coarse-grained gabbro-diorites with modal assemblages of plagioclase (50 vol.%), cpx (30%), hornblende+biotite (10%), and quartz + orthoclase + olivine + orthopyroxene (10%) with accessory opaques ( Opx is absent in the altered gabbros where secondary amphibole is an alteration product of pyroxenes. Altered gabbros are characterized by pyroxene alterations into amphibole, amphibole alterations to biotites which alters to opaques are seen in the altered gabbros. The presence of primary (brown) and secondary (green) amphiboles in gabbro-dioritic rocks also is observed. Figure 2 g 
Mineral Chemistry
Representative plagioclase compositions are given in Table 2 and illustrated in a ternary plot of the An-Ab-Or system (Figure 3 a) . Plagioclase is identified as an essential mineral in the pluton, which has moderate CaO contents (13-15%) having labradorite to bytownite composition (Figure 3 a) . Anorthite-albite contents ranges from An 65−70 Ab 27−32 . Such plagioclase mineral chemistry is also reported from the Smartville gabbro-diorite complex of (Northern California) and many other plutonic complexes [14] . Figure 3 g depicts a relationship between An% in plagioclase versus Fo% in olivine. This relationship as a cluster just above the Skeargard intrusion further corroborates the above observation [15] . Based on the tectonic discrimination diagrams, such plagioclase compositions of gabbros in the study area can be genetically related to the MORB like tectonic setting (Figure 3 h ). Chemical compositions of the representative olivine analyses are given in (Figure 3 e) proposed by Deer and Wager [16] . Chemical compositions of the representative clinopyroxene analyses are given in Table 4 [17] (Table 7) .
P-T Calculations
The calculated two pyroxene thermometry based on an Excel spreadsheet [18] , yielded a temperature range of MKP-28 samples from 895.89 to 1229.12 with an average of 1062.46 ∘ C. The graphical representation of a two-pyroxene geothermometer after Lindsely, [19] (Figure 4) indicates slightly lower temperatures in the range of 600-700 ∘ C for PCP gabbros.
Whole rock major oxide geochemistry
The The CaO/Al 2 O 3 ratio is considered as one of the primary signatures to identify the primary melts generated from the mantle source [27] . In PCP gabbroic rocks, the CaO/Al 2 O 3 ratio varies from 0.3 to 0.6, with an average of 0.5. All the samples of PCP gabbroic rocks show a CaO/Al 2 O 3 ratio lower than chondrite or the primitive mantle value of 0.9 [28] . During plagioclase removal, the CaO/Al 2 O 3 ratio increases whereas it remains constant during olivine fractionation [29] . These ratios and flat trends shown by the plot (Figure 6 c) indicate that plagioclase accumulation was taking place in PCP gabbros. The increase of FeO with the increase of FeOt/MgO ratio indicates magnetite or titano-magnetite accumulation, which also is observed in petrography.
Mullen [30] reported that the abundance of P 2 O 5 is believed to be related to the degree of partial melting and initial composition of the melt rather than the fractionation of [29] show different degrees of partial melting in PCP gabbros. Table 8 ), indicate an LREE and LILE enriched source, where garnet is being left as residue [26] . The high Ni and Cr contents of these rocks indicate their tholeiitic parentage which is in the range 6.2-100.3 µg/g and 67-435.6 µg/g respectively. Ti is the incompatible immobile trace element / high field strength (HFS) element which is moderate to strongly partitioned into refractory residual phases during partial melting and into early liquidus mafic phases such as orthopyroxene and clinopyroxene during crystalisation.
On the contrary to this, the V also behaves as an incompatible HFS element like Ti in mafic magmas. Due to the confinement of Ti to the most refractive phase of minerals like rutile, its concentration reduces whereas the V, due to its replacement with iron and its ability to get oxidized (V 4+ ,V 5+ ) in the hydrous rich melts produced under subduction zone tectonic setting, will have high V concentration and low to moderate Ti contents. The low Ti/V ratios are generated due to the highly variable V partitioning coefficients. The moderate Ti/V ratios for the PCP gabbros vary 24.0-236.4 with an average of 57.0. On a plot of Ti versus V the PCP gabbros indicate an ocean floor basalt (MORB) setting (Figure 15 a) (Figure 9 ). An increase in ΣREE is in- (Table 8) , reflected as relatively flat or slightly negative europium anomalies in the REE spidergrams. The variations in ΣREE indicate various degrees of melting involved in the genesis of these rocks.
PGE Geochemistry
The primitive mantle normalized PGE distribution patterns ( Figure 10 , Table 9 ) show PPGE (Rh+Pt+Pd) and Cu relative enrichment (3.7-20.8 ng/g with an average of 11.66 ng/g) over IPGE (Os+Ir+Ru) and Ni (1.4-7.0 with an aver- 2 ) provides a measure of the deviation of Pt concentration from the general trend of the primitive mantle-normalized pattern of a rock [33] . Primitive unfractionated mantle has a Pt/Pt* value of 1. Positive (Pt/Pt* >1) or negative (Pt/Pt* < 1) anomalies indicate Pt fractionation from Rh and Pd as a result of different petrologic processes [34, 35] . Pt/Pt* values are <1.0 for the PCP gabbro series (except 3.14 MKP-1) of gabbroic rocks characterized by negative anomalies which can be compared with other Pt related ratios. (Pt/Ir)N ratios vary from 1.4 to 21.2 with an average of 8.85 for PCP series [33, 36] . Cu/Pd ratios (Figure 11 a) suggest that the PCP gabbros are S-undersaturated, due to higher partition coefficients of S towards Pd than Cu. Hence, the very low ratios of Cu/Pd range from 8.4-26.7 with an average of 15.0, indicating S-undersaturation of magmas [37, 38] . The Ni/Cu versus Pd/Ir plot ( Figure 11 ) after Barnes et al, [39] show the PCP gabbros have a limited scatter along the line of partial melting with a very narrow range of Pd/Ir ratios, whereas the Ni/Cu ratios spread over a wide range. PCP samples are located on the line / below the line of par- 
Discussion (a) Petrogenesis
Petrographical evidence of low-pressure fractionation of cpx ( Figure 3 f-k) are cumulus crystals of cpx (in places, altered to amphiboles) and presence of plagioclase + cpx mineralogy with cumulus rounded olivines. Such lowpressure cpx crystalisation in oceanic tectonic settings has been described by many workers [43, 44] . Petrographic studies indicate the dominance of cumulus plagioclase, clinopyroxenes and olivine in unaltered gabbros. Sassuaritization of plagioclase, brown/green amphiboles, biotites and opaques as alteration products of cpx, relict cpx occupy intercumulus areas. Magmatic clustering of mafic minerals, pyroxenes, amphiboles and quartz are observed. Variation in magnesium numbers (32 to 55), cumulus textures and other geochemical discrimination plots indicate FC as a dominant magmatic process for the generation of these gabbroic rocks. The presence of accessory Opx and olivine in the samples, and an iron enrichment trend shown by the AFM diagram (Figure 11a ) are indicative of the tholeiitic nature of the magma. The differ- . [28] indicate that these rocks resulted from various degrees of partial melting. The chondrite normalized REE patterns show LREE enrichment over HREE. Their ΣREE contents are varying between 104.4 to 377.3 µg/g with an average of 219.3 µg/g. The presence of hornblende in highly altered gabbros would have contributed the high REE contents in these rocks. The REE partitioning coefficients for hornblende are higher in intermediate rocks than in basalts [45] . The REE abundances and distribution patterns support partial melting of mantle with garnet left in the residue. The higher ratios of (Gd/Yb)N vary 2.7-3.9 with an average of 3.1 for PCP rocks, whereas the chondrite ratio is 1, and (Gd/YbN) >1 indicate garnet is left in the residue during partial melting [46] . ). The PPGE enrichment with Rh and Pd positive anomalies may be due to their incompatible behavior. These observations provide proxies for moderate degrees of partial melting of upper mantle at low oxygen fugacity, incorporating low temperature sulphides during melting and later extracted by the melts. This same argument also explains the slight Pt negative and Pd positive anomalies coupled with Rh positive anomalies which further strengthens the idea of similar behavior of Rh and Pd as PPGEs. The relative Pt negative anomalies when compared to Rh and Pd are common features in many mafic rocks [47, 48] , which occurs due to decoupling behavior of Pt and Pd during their early fractionation in magmas and also due to their similar partition coefficients [49] . The tholeiitic character (iron enrichment trend) and late stage differentiation trend derived by D.I. also support [52] . PGE ratios such as Pt/Ir, Pd/Ir and Pd/Pt are due to the fluid-induced metasomatism and melt enrichment through sediment and fluids derived from the down-going slab [36, [53] [54] [55] .
(b) Tectonic discrimination
Trace and REE distribution patterns and ratios for the mafic plutonic rocks of PCP gabbros show LILE, LREEenriched and HREE and HFSE-depleted signatures with pronounced but little positive to flat Eu-anomalies indicating variations in plagioclase accumulation levels. Negative anomalies of Nb, Hf, Zr, Al when compared to Th and La are considered to be the characteristic features of mafic rocks under a subduction zone tectonic setting [26, [58] [59] [60] . The Nb/Ta varies from 0.3-1.6 with an average of 0.9, whereas the primitive mantle average at 17.4 [28] signifies the depletion of Nb/Ta in these gabbroic rocks. A discrimination diagram based on Ti (ppm) versus Cr (ppm) (Figure 13 a) places the gabbros into the subduction zone tectonic setting [61] . 3) also signifies their various degrees of melting (variation in degrees of melting) as gabbroic rocks generated by a lesser degree of melting. Similar inferences can be drawn by their total REE contents. The low to high ratios of Ti/V discriminate these gabbros as ocean island basalts/ocean floor basalts. The obtained data and other field evidences suggest that the PCP gabbros have been generated during the early stages of arc system development [66] . These rocks also show very clear tholeiitic magma characters in terms of their petrography, mineral chemistry and whole rock geochemistry as discussed in earlier sections. These characteristics are very well established in ancient arc systems [67] . The low-Ti characteristics and high Cr concentrations of PCP gabbros discriminate them into the ocean floor basalts. The moderate degree (<30%) of melting of a basaltic slab could generate such Ti/Cr ratios vary from 18.3-151.9 with an average of 52.1.
(c) Melt and fluid enrichment during subduction Geochemical signatures of mantle wedge modification also are treated as proxies for subduction related magma genesis. The mantle wedge above the subduction zone can be influenced by components derived from the downgoing slab with (1) the circulating fluids derived by the dehydration of the subducting oceanic crust or subducted sediments and (2) addition of melts generated by the fluxing of subducted sediment or of the MORB portion of the slab [69] . The PCP gabbros show the fluid induced enrichment evidenced by the medium to high ratios of Rb/Y and lowest rations of Nb/Y (Figure 15 a) , and LILE/HFSE ratios such as Th/Zr, Rb/Y, Ba/Nb and Ba/Th, since the mantle sources modified by the slab melts reflect with lower ratios of Th/Zr, Rb/Y, Ba/Nb and Ba/Th. The LILEs will get mobilized by the fluid phase rather than the LREE and HFSE, due to their low ionic potential (charge/radius ratio). The PCP gabbroic rocks demonstrate the melt was enriched by the addition of sediment to melt during subduction, evidenced by the gradually increasing ratios of Th/Nb on the horizontal axes and moderately constant ratios of Ba/Th (Figure 15 b) . This can be explained as the sediment addition influences Th/Nb, while fluid/water addition influences Ba/Th ratios (Ba is more hydrosoluble and immobile than Th; LILE ratio). The above observations hold good when the relationship between Ba/La versus Th/Yb is examined (Figure 15c ). These high Th/Yb ratios are obtained since the sediment addition has modified the character of the melt. Ba/La show moderately high and constant ratios. On the other hand, considering the ratio of Th/Yb, where both Th and Yb remain immobile in fluids, they only are affected by sediment addition. Hence, the above relationships discussed between Ba/La versus Th/Yb, Ba/Th versus Th/Nb, and Nb/Y versus Rb/Y indicate melt modification through the addition of LILEs by sediment, and fluids derived during dehydration of the slab as responsible for addition during melting. Subduction processes enrich Th with respect to Ta and consequently increase Th/Yb ralative to Ta/Yb. A subduction component in general carries Th but not Ta or Yb.
Crustal contamination also may increase Th/Yb relative to Ta/Yb because of higher abundance of Th relative to Ta in continental crust [70] . Yb is a common denominator which has the effect of largely eliminating variations due to partial melting and the FC process, thus bringing out the source composition as a petrogenetic indicator [26] . 
Conclusions
1. PCP gabbroic rocks are composed of plagioclase and clinopyroxenes as essential mineral phases with altered secondary hornblendes and biotites. Basaltic magmas of sub-alkaline tholeiitic affinity are derived by partial melting of mantle having undergone FC as a differentiation process and evidenced by major, minor, trace and REE geochemistry of PCP Gabbros. PGE abundances and distribution patterns also support FC as the dominant magmatic process for the genesis of these gabbros under a moderate degree of partial melting. The Rh enrichment in the PCP gabbros is due to its behaviour like incompatible PPGEs as Pd, whereas the Os enrichment is observed due to the fluid and sediment additions taking place during subduction. The low ΣPGE contents, fractionated PGE patterns with PPGE enrichment over IPGE, high Rh-contents, inter PGE positive relationships and sulphur undersaturation indicate partial melting of mantle in a subduction zone. 2. The melts are strongly influenced by sediment and aqueous fluid addition during subduction and might have been emplaced as intraoceanic island arcs. PGE superchondritic ratios such as Pt/Ir, Pd/Ir and Pd/Pt may be due to the aqueous fluid/sediment induced metasomatism and melt enrichment through fluids derived from the downgoing slab [36, [53] [54] [55] . 3. The Ir depletion which is a characteristic feature of primitive MORB is the reason for high Pd/Ir and Pd/Pt ratios; otherwise the relatively high Pd concentrations and slight Pt negative anomalies are characteristic of a primitive MORB tectonic setting [50, 51] . The PCP gabbros record the PGE abundances, increasing in the order as Ir>Os>Pt>Ru»Pd>Rh. Hence we speculate the fractionated IPGE and PPGE patterns and PGE ratios (Pd/Ir and Pd/Pt) indicate signatures of a primitive oceanic crust. 4. We speculate that the subduction related intraoceanic island arcs might have accreted to the southeastern margin of India to the east of the Cuddapah basin and along the Nellore greenstone belt during one or more collision events which took place between Ur to Rodinia amalgamations.
